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EXECUTIVE SUMMARY

THIS STUDY SHOWED THAT CONVENTIONAL NOISE REDUCTION TECHNIOQUES
ARE  ONLY MARGINALLY EFFECTIVE IN TRACKED VEHICLES. BASED ON A
SPECIAL COMPUTER PROGRAM PREDICTION, 1T SHOULD BE POSSIBLE TO
ACHIEVE A 65% NOISE REDUCTION INSIDE AN M113 HULL BY REDESIGN-
ING THE IDLER AND SPROCKET AND ISOLATING THE POADWHEELS. THE
ADDITIONAL NOISE REDUCTION TO MEET MIL-STD-1474B SHOULD COME
ABOUT THROUGH HULL MODIFICATIONS. FULL SCALE SUSPENSION
HARDWARE HAS DEMONSTRATED THAT THE ABOVE GOAL 1S REALISTICALLY

ACHIEVABLE.

The noise produced by track-laying vehicles has historically been a prob-
Tem in the U.S. Army. Exterior vehicle noise provides enemy forces with
a means of detection at great distances. Interior vehicle noise prevents
accurate person-to-person or electrically aided communication and con-
tributes to hearing Toss amonq exposed Army personnel,

If the Army is to provide personnel with armored vehicles having maximum
effectiveness, noise must he reduced to the limits prescribed by MIL-STD-
14748, To accomplish this end, a multiphase program has been conducted
to develop a thorough understanding of the noise sources, the acoustical
and  vibratory paths through which energy enters the hull structure,
and the mechanisms by which noise arrives at the various crew locations,
and emanates from the exterior of the vehicle, Based upon the results of
these analyses, the redesign of major noise-producing components and the
application of new materials and coatings will then be underzaken. The
vehicle chnsen to develop this noise reduction technologv is the
M113Al1, The goals set for the program were & 17 dB(A) reduction in
interior noise to a level of 100 dB(A)}, and a 6 dB reduction in exterior
noise representing a 50% reduction in cdetection range., Tris report
describes the third phase of the proqram to reduce the noise c¢f armored

track-laying vehicles to the above goals.

Phase [ of the program isolated and rank ordered tne various ncise sour-
ces responsible for overall noise, developed a computer program to pre-
dict changes 1in noise level produced by changes in track and suspension
systems, and provided an understanding of the noise producing nechanism
of vehicles such as the M113A1, This phase found that track-idlar inter-
action was the major source of noise with the sprocket and roadwheels
heing the second and third sources, respectively.

Phase Il developed the concepts necessary to reduce suspensian systerm
noise, and produced an experimental idler to verify the noise ~eduction
capability of these concepts. The vibratory power flow of the M113A}
hull was analyzed and experimental damping, absorptive, and barrier
treatments were evaluated along with experimental modifications,

The present phase ({I1{1) involved designing and fabricating a prototvpe
quiet idler and an experimental quiet spracket. Also the hull dynamics
of the M113A1 and the A[FV (both of similar size and suspension) ware
compared to determine the reason for the significantly lower noise level
of the AIFV, A preliminary finite elemert analysis was made to cetermine
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if this technique could be used to predict the vibrational mode shapes
and dynamic response of the M113A1 vehicle with the u1t1matg aim of pre-
dicting the hull configuration required to achieve significant noise

reduction.

Based upon the conclusion that the idler is the major noise contributor,
a completely new design of the idler wheel was pursued. The design
proceeded in two steps, the first being a verification of the concept
that an increase in compliance of the wheel rim would indeed reduce
noise, This idler wheel was designed to permit experimental variations
of radial, tangential and axial compliance. The second step was a prac-
tical design which incorporated those features determined to be most apn-
propriate in the experimental version of the idler. This prototype idler
wheel was designed with the goal of being practical, increasing noise re-
duction potential, and being directly interchangeable with the standard
idler wheel. It has a solid outer rim mounted on two rubber “doughnuts"
acting in shear which isolate the rim from the axle. The maximum stroke
of the rim when contacting the track is 3/4 inch, with a fail-safe stop
in the event of a severe impact upon the idier. Measurements on the test
stand indicate that this prototype idler wheel reduces interior idler
generated noise by 15 dB(A) to a sound level of 95 dB(A) at a speed of 30
mph. Limited durability tests at 30 mph indicate that this idler wheel
is both durable and practical.

The 1idler contribution to the exterior acoustic signature was reduced to
well below the level of exhaust noise. If the sprockets and roadwheels
can be quieted as much as the idler, then suspension-related noise would
no longer lead to vehicle detection, even at high speeds, as the exhaust
noise would then be dominant.

Based upon the corcepts developed for the idler, an experimental sprocket
has been developed using a number of rubber "doughnuts” to isolate the
. axle from the outer rim. However, a compliant sprocket is significantly
more complicated since it must be capable of transmitting torque through
the compliant element. Also, it must have fail-safe stops in the tangen-
tial as well as the radial direction. Tests of the experimental sprocket
indicate that it is up to 10 dB(A) quieter than the noise produced by a
standard sprocket. Although noise reduction is less than that provided
by the prototype idler and the design is more complex, it is anticipated
that the second generation sprocket design will be practical and will
provide 12-15 dB(A) noise reduction.

The next subject which was addressed in Phase IIl was the comparison of
the noise of the M113A1 with that of the AIFV. A-weighted noise levels
inside the AIFV vehicles and structural vibration levels on the hull of
the vehicle are on the average, 5 dB lower than for M113A1 vehicles. Al-
though the track and suspension of both vehicles are essentially the same
the upper hull shape and idler attachment are different. These differen-
ces were investigated using the concepts of statistical energy analysis
for hull generated noise and the attachment transfer function to inves-
tigate idler qgenerated noise. It was concluded from this analysis that
the major hull radiating elements are the bottom plates and upper side
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plates at 1low frequencies for the AIFV vehicle. For the M113Al vehicle
the top plate is dominant and the side plates are still important, At
higher frequencies (above 500 Hz), the sponsons dominate the acoustic
radiation for both vehicles.

Tnertance functions are measures of the pawer accepting and dissipating
characteristics of the hull structure. In general, reductions in idler
inertances will lead to reductions in structural response levels, which
in turn will lead to reductions in interior noise leveis, provided that
the acoustic radiation efficiencies of the structural elements are not
significantly altered.

At frequencies below 250 Hz, the vertical inertance of both M113Al and
AIFV hulls is greater than that in the horizontal direction. This indi-
cates that if the horizontal and vertical idler input forces were egual,
vertical forces would dominate the hull response. However, test track
data show the horizontal forces can exceed vertical forces by up to 10 dB
for at least one speed during normal pperation.

Changes in idler attachment point configuration have no significant ef-
fect on vertical inertances. However, the raised idler location for the
AIFV vehicle has a lower horizontal inertance (by about 5 dB) in the fre-
quency range 125 Hz to 250 Hz. Therefore, at frequencies above 125 Hz
(see Fia. 22, ref. 16), the idler attachment point will, to some extent,
affect (by up to 5 dB) the vehicle interior noise levels, at least at a
speed of 30 mph.

It was also concluded that changes in the idler stiffness by up to a fac-
tor of ten will have no significant effect on the hull structural re-
sponse or vehicle interior noise levels. This is because power flow into
the hull s controlled by relatively flexible hull members with longq
structural wavelengths. Additionally, the turret mass does not signifi-
cantly 1impact the vehicle inertance functions and hence interior noise
levels.

Appropriate structural modifications were not immediately obvious from
the statistical energy and attachment transfer function analyses, so a
finite element analysis was developed to quide the hull redesign
process which aims to produce practical hull modifications providing
5 to 10 dB(A) noise reduction. In this analysis technigue, the MI13A1l
is modeled by a number of individual structural components or elements
which are interconnected at a number of joints, or nodal points. The
simplicity of the M113A1 shape lends itself well to this type of
analysis. This analysis technique provides accurate calculation of
hull resonance frequencies and mode shapes which, in turn, provides an
understanding of the hull power flow for noise control purposes.

The initial model which was made has some accuracy problems. A second
model, which was constructed with a gredter number of elements, is suffi-
ciently detailed to allow reasonable predictions of mode shapes and re-
sonance frequencies up to frequencies of about 300 Hz. Extension above



400 Hz using the current nodal arrangement is not recommended. Good pre-
dictions of the measured vertical idler inertance function have been made
with the developed model , but the measured horizontal intertance function
is underpredicted by about 10 dB.

A preliminary calculation using frequency and space averaging to predict
interior noise levels was encouraging and showed reasonable agreement be-
tween meas''red data and results predicted using finite element analysis
for the noise-to-force transfer function corresponding to one third oc-
tave band vertical excitation of the idler spindle on the M113Al vehicle.

Frequency and space average calculations using finite element analysis
results indicate that the interior noise levels at frequencies above 31.5
Hz are controlled by resonant response of the hull, rather than by stiff-
ness controlled response as was considered a possibility at an earlier
stage of the work. This suggests that, in theory at least, damping of
the structure should be an effective means of interior noise control. In
practice however it is.difficult to effectively damp the important hull
members due to the long structural wavelengths involved.

Statistical energy analysis provides a useful framework for understanding
the power flow between the hull structure and vehicle interior space,
even at low frequencies. This allows frequency averaged interior noise
levels to be accurately calculated from frequency and space averaged
structural response data which may be measured experimentally or calcu-
lated using the finite element model.

Frequency and space averaging of the modal output data (using statistical
energy analysis) from the finite element model is the most efficient and
useful means of evaluating the effects of hull structure modifications on
structural response and hence interior noise levels. It is anticipated
that this method will be used in the future to evaluate the effect of
hull structural changes on interior noise levels, as evaluating the data
mode by mode is tedious and the results are difficult to interpret.

To date, the entire noise reduction program has identified the idler as
the major noise source, with the sprocket and roadwheels being 3-4 dB(A)
less intense. A computer program has been written to predict the changes
in sound level resulting from configuration changes in the track and sus-
pension system. Idler noise has been reduced by the predicted amount of
15 dB(A), and the first generation sprocket design has produced up to a
10 dB(A) reduction. It is anticipated that roadwheel isolation will pro-
vide a 10-12 dB(A) reduction of roadwheel noise. A complete suspension
system incorporating the above quieted wheels should provide an interior
noise Tlevel at least 10 dB(A) (65% noise reducticn) quieter than a stan-
dard M113 vehicle.

The additional 7 dB(A) of desired noise reduction will be achieved by
modifications to the hull. Preliminary results indicate that simple,
conventional noise reduction techniques provide only marginal results and




may not be practical. Therefore, a more extensive agproach is required
-to reduce hull generated noise., It is anticipated that hull noise can be

reduced by 5-7 dB{A) which combined with the suspension noise reduction
will provide the desired total of 17 dB(A). This reduction will produce
a vehicle which meets the noise 1imit of 100 dB(A) prescribed bty MIL-STD-
14748,

The fielding of 1light armored track-laying vehicles meeting this 100
dB(A) limit will provide a vehicle which is less detectable and operates
more efficiently, and will permit the crew and cavalry personnel to
perform their mission in a more effective manner.

2. OBJECTIVE AND GOALS

The basic objective of this program was to develop feasible noise control
concepts to aid in construction of a lightweight tracked vehicle that
will permit crew members to perform their duties without the additional
‘ use of hearing protectors. They are presently required to use hearing
i protectors in addition to the DH132 Combat Vehicle Crewman's Helmet.
Reduction of the interior noise level also would improve communication
between crew members. -

Accordingly, the goal of an interior A-weighted noise level of 100dB has
been set, 1in conformance with the quidelines of MIL-STD-14748, Category
B. Achievement of this goal requires a 17 dB(A) noise reduction in the
M113Al, primarily at low frequencies. In a weight-critical machine de-
signed for survivability in an extreme environment, this represents a
major technical challenge,

amampe—

- o -

The U.S. Army Human Engineering Laboratory (HEL) and the U.S. Army Tank-
Automotive Command (TACOM) have recognized that practical design modi-
fications required to achieve significant interior noise reductions were
not available, It also was realized that the development of these noise
controls must be based on experimental and analytical evaluations of both
the noise sources and their transmission paths. Studies prior to the HEL
sponsored work [2, 11, 18 and 19] had identified the major noise sources
but had not quantified their contributions. Two preceding studies by FMC
Corporation, sponsored by HEL, have been conducted. The first study
identified the separate contributions to interior noise generated by the

', idlers, the sprockets, and the roadwheels., This work also identified sev-
- eral promising concepts for tracked vehicle noise reduction. The second
. study developed an experimental idler to prove and optimize noise reduc-
“e N N .
. tion concepts. Concepts for reducing hull-generated noise also were
explored, ;

Beginning with the third phase of this program, TACOM, which has recog-
nized the operational advantages of reducing both interior and exterior
noise, has provided funding for this joint HEL/TACOM effort, The M113Al
vehicle was chosen as the demonstration vehicle for this study because it
was used in the previous HEL-sponsored studies, because of vehicle ]

. o




availability, and because of the relative availability and low ccst of

- replacement parts. However, all noise reducing concepts developed in

this study could be adapted to other tracked vehicles with suitable
scaling changes.

Only suspension noise sources were considered in this study. Previous
studies [3, 16] have shown that other noise sources are secondary; such
as the engine, power train, and final drive gearing., Furthermore,
suspension noise sources are common to high-speed tracked vehicle noise
problems and the technology needed to successfully reduce the noise from
these sources does not exist at present, Developing practical noise con-
trols for these suspension noise sources is the fundamental purpose of
this program.

This present phase of the work follows largely from the results of the
previous two phases [16, 17]. The most important conclusions obtained
from that research were:

1. The technology to reduce tracked vehicle noise does not exist and
will require development.

2. Very careful control of testing parameters is necessary to accur-
ately measure the incremental noise reductions obtained when
evaluating potential noise reduction methods,

3. At and below 20 mph, both 1idler and sprocket noise must be
reduced to meet the noise reduction qoals.

4. Above 20 mph, roadwheel noise also must he controlled in addition
to idler and sprocket noise.

5. Engine and power train noise is not significant compared to sus-
pension induced noise.

6. Vehicle interior sound absorptive treatments are not practical.

7. Making the idler and sprocket wheel rims more compliant is an ef-
fective noise reduction technique.

8. The best spring material for compliant idlers and sprockets ap-
pears to be either natural or synthetic base "natural™ rubber.
Steel springs would be difficult to engineer into the limited
space available.

9. A number of highly resilient elastomers were evaluated as spring
materials, but were found to have inferior mechanical or damping
properties.

10. In a compliant idler wheel, axial as well as radial and tangen-
tial compliance need to be investigated.

-6-
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11. A very compliant experimental idler wheel was designed, fabri-
cated, and found to be rugged enough for extensive acoustical

testing, Measurements showed that the compliant wheel is 10-12
dB{A) quieter than the standard idler wheel,

12. Local stiffening of the hull at the roadarm and idler loca-
tions provided no significant changes to the mechanical
impedances and, therefore, no noise reduction potential.

13, A damping treatment applied to both sporsons provided appreciable
sponson vibration reduction at 500 Hz and higher trequencies.
This treatment also gave a modest vibration reduction of other
hull plates, and noise reduction of approximately 0-2 dB(A),

14, To achieve appreciable noise reduction bv means of hull plate
damping, a promising technique 13is constrained layer damping.
(This was later found to be much less effective than initially
expected.)

15. The conputerized simulation of track dynamics, while producing
promising results, would require incremental refinement before it
should be usad in desigriny Yower noise suspension components,

The reported program extends the previous work. The purposes are to
evaluate and optimize the noise reduction of the previously developed ex-
perimental compliant 1idler, to demonstrate a practical reduced noise
idler, to demonstrate the feasibility of a compliant sprocket, and to
gain a better understanding of how the suspension vibration is conveyed
throughout the hull and can be reduced by hull changes. This research
was divided into five independent tasks, each of which could help reduce
noise. These tasks were to:

1, Measure noise and durability characteristics of the previously devel-
oped experimental idler, Oetermine the importance of axial, radial,
and tangential compliance on idler noise reduction.

2. Based wupon the results above, desion, fabricate and test a prototype
quiet idler with a goal of A-weighted interior noise level of 95dB
and a service life of greater than 2000 miles. Exterior noise reduc-
tion will also be assessed.

3. Design, fabricate, and test an experimental sprocket carrier based
upon concepts developed for the compliant idler,

4, Determine the source of differences in interior and exterior noise
levels between M113A1 and AIFV vehicles, Consideration would be
given to individual noise sources, the method of attachment of the
suspension components, and the coupling and radiation properties of

the hulls,

5. Construct and exercise a finite element model to predict the vibra-
tional mode shapes and dynamic response of the M113Al1 vehicle.

-7-
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~The firs

R alidated She concept of a compliant-rimmed idler, and
determine ose eatures which were most important for noise reduction,

The second task showed that the concept could be used in a practical,

production-feasibie 1idler that has the durability required of tracked
vehicle suspension components, and will still lead to reduced interior A-
weighted noise level produced by the idler of 95 dB, The third task
showed that the concept proven on the idler also could be adapted to a
practical sprocket design which could transmit torque through the compii-

~ant elements to the track, The fourth and fifth tasks compared the hull

structures of two vehicles of similar design, one of which is, on the
average, 5 d3(A) quieter than the other, The fourth task approached this
problem with an experimental comparison, while the fifth task addressed
the problem from an analytical approach.

In this project, FMC Corporation, the producer of the M113A1 vehicle, was
the prime contractor responsible for the design, test, fabrication, and
overall management of the program. Mr. Thomas Norris of Consultants in
Engineering Acoustics produced the idler concepts and preliminary design,
and assisted 1in the final hardware design and testing. The experimen-
tal comparison of the hull dynamics of the AIFV and M113A] vehicles was
conducted hy Dr, David Rennison of BRoit Beranek and Newman Inc. of
Canoga Park, California, The finmite element modal analysis work was
conducted by Dr, Rennison, with the computer modeling done by Dr. Kenneth
foster of Foster Engineering Company.

DISCUSSION OF TRACKED VEHICLE INTERIOR NOISE

General Discussion

Interior noise in tracked vehicles results from track interaction with
the drive sprockets, 1idler wheels, and roadwheels, The engine and
power train are secondary noise sources in most tracked vehicles. Some
vehicles, such as the M60 tank and the Infantry Fighting Vehicle (IFV),
have track support rollers which also may produce significant interior
noise, The track-ground interaction was not found to be a significant
source in any of the vehicles tested., Figure 3.1 is a schematic repre-
sentation of tracked vehicle noise sources and vibration paths,

Noise in moving tracked vehicles results from vibration of the hull which
is excited by suspension and engine-power train components. The interior
noise levels at the driver and crew locations consist of direct and re-
verberant contributions. fue to space and other practical limitations,
noise reduction in lightweight tracked vehicles can only be obtained by
reducing hull vibration, rather than by installing barriers or absorbers,
Consideration of "conventional" acoustic noise control barriers and ab-
sorbers showed that, because the entire hull radiates noise, the A-
weighted noise gqoal of 100dB could not be met within practical weight,
cost, durability, and size Yimits, Therefore, the noise control concepts
addressed in this study were: (1) the reduction of vibration at the vari-
ous sources, and (2) attentuation of vibration enerqyv paths between sour-
ces and the hull,
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3.2

The basic phenomena responsible for tracked vehicle hull vibration at
typical operating speeds are tension changes due to the geometry of track
engagement with the idler and sprocket wheels, and forces resulting from
impacts between track shoes and the idler and sprocket wheels. Both of
these phenomena occur at track-laying rate. A further discussion of
these phenomena appears in Reference [16].

M113A1 Interior Noise Levels

When under way, the airborne noise levels in both the c¢rew area and
driver space on the MI13A1 armored personnel carrier exceed comfort,
communication, and hearing conservation standards,

tor example, at 30 wmiles per hour the A-weighted noise level near the
driver's head location is 117 dBl, At the same speed, the noise level
is 174 dR in the 250 Hz octave hand, These levels are, respectively, 17
and 71 dB  ahove those noise levels specified as acceptable in MIL-STN-
11748, Category B, which is the maximum allowable level for systems re-
quiring e.ectrically-aided comnunication via an attenuating helme. or
headset.,

The octave band spectra f{or 15, 25 and 37 mph in the crew compartment
are presented in fFiqures 3.2, 3.3, and 3.4, The noise levels of the pro-
duction MI13A1 exceed the specification goal by 12 to 19 dB at 250 Hz,
depending on vehicle speed,

The relative nnise contributions of the idlers, sprockets, and roadwheels
are  presented n Fiqure 3.5, The dependence on speed of both the A-
weighted noise level and octave band noise levels is presented in fiqure
R A more complete discussion of these noise source levels appears in

keterence [16]. '

i

EXPERIMENTAL  COMPARTISON  OF  THE HULL  DYNAMICS  OF THE ATFV AND MI13Al

AT TN
VEHTCLYS

Conceptual Approach

'+ has been observed that the A-weighted noise levels inside certain AlFV
vehicles are on the averagqe 5 dB lower than inside the similar Mi113A1 ve-
hicles. The primary structural differences between these two vehicles of
almost identical size are the upper hull shape and the idler attachment
dntails, the track and suspension system being essentially the same for
the  twn  vehicles, An excellent opportunity was therefore available to
explore the potential tor interior noise reduction as a function of these
hull desian differences.

vnooar effort to develop an enmpirical understanding of the importance of
these subtle structural ditferences, two studies were undertaken to exam-
ine  oneray flow within both vehicles, The first investigated noise and

o

v
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vibration characteristics bhy wusing tihe cancepts of statistical eneray
analysis and the second contrasted the attachment point transfer func-

tions of the vehicles' suspension systems. The results of these analyses
were then used to guide the developrent of an analytical wiodel, which is
to be used to predict the effects of prectical structural hull modifica-
tions on the vehicle interior noise levels,

Vehicle Structural Characteristics

. The AIFV evolved from the baseline M1]3 concept insofar as the suspen-

sion, track, and lower structure are almost identical for the two clas-
ses of vehicles; in fact, many of the structural components are inter-
changeable. Various differences exist, some mnajor and others rather
suhbtle; this discussion will concentrate on these differences. Figures
4,1 tco 4.6 present alternative views of the two hulls selected to high-
light the majer structural elements expected to have tne areatest influ-
ence on the noise differences hetween the two vehicles, [Omphasis has
been placed on the vehicles' rear sections and the 14ier attachment
areas, In each fiqure the M113Al hull is usea as the haselire and the
ALFV appears on the overlay.

Fiqure 4.1 shows a section view looking froa thoe vehicles' left sides.
The ldrgest differences at the vehicle front are the snallower slope of
the AIFV nose and its relatively thinner hull thickness, The use of
bolt-on armor protection wmounted nver buoyancy foan equalizes the hull
surface dersity, but reauces ‘panel’ pending riginity, Th= fingl drive
mountina system, flooring confiquration, box bean lower side plate, and
sponson  details appear the same for the two vehicles. Roidarms are
nounted in the same positions in the box beams,

Major wiiferences occur in the vehicie top surfaces and rear configura-
tions, The AlfV has provision for a turret (mass about 1200 kqg) and its
rear half 1s conposed of more anc smallar plate elements, forming a stif-
fer hull 1n the circunferential direction {sec Fiqure 4.2 for a rear
view!, Figure 4.3 contrgsts the vehicle cross sectians in the 'turret'’
plane: the added turret mass and the more rigid hull cross section imight
he expected to redice the power accepting characteristics of the hull and
thereby reduce the infiow of vibrational eaergv, af Teast at Yow freguen-

CY. A conmparison of the Adetails of tne horizontal section toward the
rear of the hull and at a plane above the sponsons 1s shown in Figure
4.4, The fuel tanks are rclocated from an inboard left position on the

M113A1 to @ rear-mounted overhanqging position on thc AIFV (see Fiqure
4.1). A considerable difference in hull vertical inertance could result
at the idler attachment position. In general, the thicknesses of the
‘upper side' plates on the AIFV are some 20 less than on the MI13A1, due
to the wuse of space-laminate hoit-on armor, Ramp details for the twn
vehicies are similar,

Idler plate details are compared in Pigures 4,5 and 4.6, The former
compares the configyuration of left and right idler plate shapes for the

-14-
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4.3
4.3.1

AIFV; the differences suggest the likelihood of asymmetries in the noise
transmission characteristics of the idler attachments. Similar differ-
ences in longitudinal position of 1left and right idlers occur on the
M113A1 and are to allow for fitting of the torsion bars from left and
right sides; the 1left track has one more shoe than the right track.
Figure 4.6 shows the differences in idler attachment pad location, with
regard to vertical positioning of the idler spindle relative to the box-
beam: the idler spindle on the AIFV is located some 64mm higher than on
the M113A1 (on each side of the vehicle).

Certain directions for the comparison of the two classes of vehicles be-
come clear from this brief comparison. Experimentally,it would be of
interest to explore, in addition to absolute differences between the two
vehicles, the potential asymmetries in hull dynamic response and attach-
ment point inertance which may oceur between left and right sides of each
vehicle, and whether, - for the AIFV, these are influenced by the turret
mass. On the other hand, the influences of alternative idler locations,
of fuel tank/rear plate configuration, and of the details of changes in
hull cross section are more practically studied analytically with the
finite-element model of the hull structure. This work is described later
in the report. The work reported below describes the experiments carried
out and the results of the various comparisons made of the two vehicles.

Power Flow Analysis

Review of Concepts

Statistical energy analysis (SEA) provides a convenient means of describ-
ing the flow of vibrational and acoustic power between connected systems,
in terms of gross parameters such as the cnergy levels, modal densities,
and overall physical properties of the connected structures and/or acous-
tic spaces involved. A review of the concepts involved can be found in
references [16] and [17]; a sumnary of relevant equations, using metric
units, is presented below.

The vibratory power dissipated in a panel structure Wy (in watts) is
given by

Wy = wn <y m, (1)
where

w (=2xf) is the circular frequency (radians/s),

n s the total structural loss factor (that is, the sum of the
acoustic radiation and strycturail dissipation cgmponents),

<v7> is the space-average mean-square velocity (m/s)4,

<a®> is the space-average mean-square acceleration (m/sz)2 and

m is the panel mass (kg).

Expressed 1in engineering units and in tems of spacc-average mean-square
accelerations, this equation becomes

-21-




Lad (dB re 1012 watts) = AL (dB re 1 g) + 10 log L4138 (2)

3
vhere E
1g=09.8 m/s2 and » 2 4

AL  is the scceleration level, calculated as AL=10 log [<a®»/(1 g)¢] *%
The power radiated from a plate Nr (in watts) is calculated from mea- fé
E|

sured plate acceleration levels according to

We = Secada?> /i’ (3)

-t il

where

il

it
S is the panel surface area (m-),

"

cc is the characteristic impedance of the acoustic megium (for air,
pc is about 415 mks rayls, where mks rayls = kg/m¢/s), and
0 is the (nondimensional) radiation efficiency of the plate.

TR TINE

o} is a function of the plate critical frequency f_, the plate area, and
the length of attached stiffeners. f_ 1s calculateéd as 12600/h, where h
is the plate thickness in mm, In engineering form, equation {(3) becomes

b 1w,

(dB re ) pW)= AL (dB re 1 g) + 10 logu + 10 log (S/f%) + 150.0 (4)

L

— — e

wr

The net acoustic power flow into the vehicle interior is balanced by
that absorbed on the vehicle bounding surfaces and by its occu-
pants, W . (in  watts). For a reverberant acoustic space, with air
as the acoustic medium this balance 1s given as

Lhid T

-5 g

Lur = Wabg = <Pj> Vwny/oc? (5)

T —

where

<p12> is ths space-averaged mean-square interior acoustic pressure

: v is the interior volume (m~”), and i
- n; is the interior acoustic loss factor !
. Equation (5) may be expressed in engineering terms by =
Lya (dB re 1 pW) = Lp (dB re 20vPa) + 10 log (Vfn,) - 17.5 (6)
where the interior speed of sound is taken as 343 m/s, It is noted that
N the interior acoustic loss factor relates directly to the interior re-
i verberation  timeT,y as n, =2.2/{T¢,f). tquations (2), (4),
R and (6) describe Qhe balance of structural and acoustic energy levels
- within the wvehicles: these may be calculated from measurements of
acceleration levels and structural loss factors, measurements of the
- interior noise levels and acoustic loss factors, and from the system
M geometry,
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4.3.2.2

In the following sections, these quantities measured on the AIFY vehicle
are contrasted with existing data for the M113A]l vehicle presented in
Reference [17]. MI113A) data were recorded on vehicle number S5J136, at
32 ki/hr (20 mph) during normal underway paved track operation. AJFV
numbers NSJOOOS and NSJO00Z2 were used for tests; underway data at a
range of track speeds were recorded and analyzed for both. Emphasis
here is placed on the NSJ0CO05 vehicle, as this vehicle is the quieter of
the two, although limited NSJO002 data is presented to allow compariscns
between these two vehicles to be made. Comparisons between vzhicles are
made at 32 km/hr (20 mph),

Measured Results

Hull Vibration Levels

Vibration levels were neasured at about 40 locations on those interior
radiating surtaces of the AIFV expected to deteriine the interior acous-
tic power flow. Tahle 4,1 presents space-averaged mean-square accelera-
tion levels for the major radiating interior panels. The analysis was
carried out in one-third octave bands, bhut data «is presented in cctave
bands, and in genceral, three measurement locations were used to calcu-
late the average for cach panel. The standard deviation in acceleration
level  between different Tlocations on the same panel was, in general,
less than 1 dif at 250 Mz and less than 0.5 dB at 1000 Hz.

The AiFV vibration levels on the Teft-kand hull penels are generally 32
to 5 df greater than those or the corresponding right-hand panels, as
shown in Figure 4,7(a) for the sponsons and upper side plates. This is
in contrast to MII13A1 data which shows the right-hand panel vibration
levels to be marginally greater than those on the left-hand side (Figure
4.7 (h)),. Similar but weaker trends werc abserved on the NSJ0002 vehicle
as for the KSJ0005 vehicle.

Irgures  4,2{a)  and 4.2{b)} compzare the underway acceleration levels on
similar hull surfaces of the AIFV and M113A1 tracked vehicles: almost
antyersally,  the APV levels are 7 to 10 dB lower than those en the
M113A1 mull.

I+ s clear from these date that the suspension attachment noint re-
sponse  ard the force-to-noise transfer functions should be examined for
asymmetries between left and right sides »f the vehicle.

Interior Noise Levels

The dependence on forward speed of the A-weighted interior sound ievels
for the ALV vehicles tested 1s presented in figure 4.9. The mean sound
Tevels and the associated 1o Vimits are shown for the NSJQICS vehicle
ard  found to ilateau to a maximuin level of 110 dB(A) as forward spend
1ricreases above 40 keiZhie {25 mohY. This 18 in cantrast to data =easured
tor two other wvehicles, NSJONO2 and NSJ142, in which the scund level
increases with ancreasing speed above 30 kn/hr.,

-23-
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SPACE = AVERAGED MEAN SQUARE ACCELERATION LEVEL, DB RE 1 G FOR THE
ATFV NSJ0005 AT 32 KM/HR (20 MPH).,

TABLE 4.1

THiCk= (ictave Band Center Frequency - Hz
PALEL AREA  NESS 63 178 250 500 Tk 7k 3k Tk
(ma) (am)

Rotton Plate 4,1 28,1 -l 21,8 22,2 -0 5.8 5.3 7.2 <1601
Floor Plates 4,1 5.0 -0.8 3.4 0.4 0.2 2.2 4.3 5,6 -13.%
Upper Side Plate:

Left 3.4 28,1 =8.8 6,2 4.1 =6.9 -6.9 7,1 5,7 14,7

Right 2.4 -11.7 -13.3 -6.9 -5,6 -6.B -9.4 -R.7 -17.8%
inclinedq Side Plate:

Left 1.4 33,1 2.6 -6,5 -5,2 -8,8 -7.3 9,7 -9,R .17.1

Riqght -9.1 -9,2 -7.4 -10.2 -10.2 -13,7 ~14,72 -22.n
Sponson:

Left 2.0 2.5 -A.5 -3.3 6,4 3.8 7.8 1, 5.3 -3.9

Right 1.3 -7.8 -10,84 -7.4 c.9 -2.6 -1, 1.0 -9.é
Lower Side Plate:

Left 1.1 31,8 ~2.1 -5.0 5.4 <A1 23,8 -R.72 0 A5,7 21702

Right 0,3 -3.3 ~10,8 7,2 <8.3 -4,9 -4.5 -4.9 -13.6
Engine Alcess

Lanel 1.0 6.0 -1.9 2.3 -0, 2.5 -1.4 -1.7 -4.]1 -13.4
Ramp 2.3 8.1 -9.9 -8.8 -11.9 -11.5 -12,2 -20.2 ~20.6 -30.5
Top Plate J.6 38.1 -5, -2.1 -7.1 7,9 =-7.5% -18,9 14,3 -23.3
{arqgc Hatch 1.0 3R, 1 2,3 -5.% -6,4 -7.7 <85 -8,2 -9.1 -11,¢6
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Fiqure 4,10 shows interior sound level spectra for the under way AIFV
vehicles tested at a forward speed of 32 km/h (20 mph). Also shown is

~ “the spectrum of the M113Al sound level, taken from Figure 6 of [16]. The

interior spectrum levels for the AIFV are generally 5 dB lower than
those in M113A1 vehicle, the differences for AIFV NSJ000S being only
marginally Tless than the differences in hull panel acceleration levels
presented in Figure 4.8, Measured octave band spectra of the AIFV in-
terior sound levels, showing the dependence on vehicle forward speed,
are given in Fiqures 4.11 and 4.12 for vehicles NSJ0005 and NSJ0O00O2,
respectively; the speed characteristics of the two vehicles are quite
different, rerviecting slight differences in construction detail, toler-
ances, or track condition, The differences in interior scund levels
hetween the two AIFV vehicles compare <closely witn the differences in
hull panel acceleration levels, Ffor example, at those forward speeds
where NSJ0002 sound levels cxceed the NSJO005 levels, NSJ0002 accel-
eration levels exceed the NSJ0005 acceleration levels by similar
amounts.

4.3,2.3 Hull Radiation Efficiencies

While the structural characteristics of the lower section of the AIFV
and M113A]1 vehicles are essentially the same in terms of their radiaticn
properties, the upper portions of the AIFV are smaller in area and thin-
ner than for the M113A1, with resulting differences in radiation effi-
ciencies. Fiqure 4.13 compares the calculated radiation efficiencies for
various AIFV hull elemnents with those for the M113A1 hull takern from
Referenca [17]. The AlFV appears to have slightly gqreater radiation
efficiencies, but the differences are generally less than 3 d8. This 3
dR, when subtracred from the 7 to 1N d3 difference in acceleration
levels between AIFV and MI13A1 vehicles, matches closely the differences
in interior sound level shown in Figure 4.10 to exist between the two
vehicles.

4,3,2.4 Structural and Acoustic Loss Factor Data

Loss factor information for the hull and interior space is used to de-
termine the enerqy dissipation occurring in the two systems., Structural
decay measurements were made using an impulse technique, while acoustic
decays involved interrupting a steadv-state interior acoustic signal and
observing Lhe cecay rate.

Structural loss factors for AIFV and M113A1 vehicles are presented in
Figures 4,14 and 4,15, Data were measured on the larger hull surfaces,
but there appears Tlittle significant difference between the different
locations, Further there are no significant differences between the
loss fdactors of the two vehicles, being typical of welded built-up
aluminum or steel structures. The bolt-on armor plating does not
appear to provide any sianificant hull damping because the foam core
is not sufficiently stiff to resist deformation. The calculated
radiation loss factor for the AIFV roof 1is shown in Fiqure 4,14,
( npaq=20cSo /wm): this curve, which is representative of all the
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radiating surfaces, 1lies well below the hull total loss factor curves
suggesting that internal losses dominate the energy dissipation process.

As noted previously [26] there appears considerable scope for increasing
the hull total loss factors, particularly at frequencies above 125 Hz.
Whether this is practical below 500 Hz in view of the influence of long
wavelength vibration modes [1], remains to be seen.

N RN AR

il st G

Acoustic 10ss factors of the interior space are presented in Table 4.2, %
together with the averaged hulil loss factors. Good similarity between z
previous acoustic reverberation times and present data was found,

4,3.2.5 Power Flow Calculations

Calculations for the underway ALFV (NSJOONS) of the power dissipated in
the hull structure and the power dissipated by radiation from hull pan-
els into the hull interior, and calculations of the interior acoustic
power level ¢bsorbed in the hull, were made following equations (1)
throunh (6). The interior acoustic dissipated power levels were calcu-
lated from the measured octave-band noise levels (Figqure 4,10) and the

Wt

TARLE 4,2 :
‘ LOSS FACTOR DATA FOR HULL STRUCTURE AND INTERIOR ACuuSTiIC VOLUME :
i ’ FOR THE AIFV VEﬁICLE =
: Octave Band Center Hull loss Factor Interior Volume ;
! Frequency (Hz) Loss Factor
; 63 0.30 0,065 .
i 125 0,055 0.037
E 250 0.015 0.021 : :
- 50N 0.0065 n,0l12 - =
1k 0.0040 0.,0074 =
2k 0.0028 0.0037 o
ak 0.0022 0.0025 E
2 N.N0145 0.0014

loss factor data in Table 4,2, Hull dissipated and radiated power lev-
els for individual panels were calculated from averaged panel octave-
band acceleration measurements {Tahle 1.1), hull loss factors {Fiqure
4.14) and calculated radiation efficiencies (Fiaure 4.13(a)).

. -!"u ¢

The power bhalance results are presented in Fiqure 4.16 for 32 km/hr (20
mph)  forward speed. Also shown are the baseline interior acoustic power
levels for the M113A) vehicle {26]. The acoustic power radiated from
’ the hull surfaces (Fiqure 4,16, curve 3) closely matches the acoustic
{ power leval dissipated {i.e., absorbed) within the hull interior space
3 (curve 2), as wds found for the M113Al1 vehicle [17]. The hull dissipated
power due to strictural camping mechanisws  {(Tigure 4,18, curve 1)
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“exceeds by up to 10 4B the power dissipated by radiation from the hull

surtaces, even ailowing for radiation ftrom the venicle exterior, The
acoustic disipated power levels for the M113Al (Figure 4.16, curve 4)
taken trom [17], are up to 10 dB greater than those presently measured on
the ALFV NSJUOUS under similar test conditions {curve 2), consistent with
the difterences in interior npise level spectra,

Figure 4.1/ shows the calculated major contributors to the hull radiated
power levels tor the AlFV at 32 km/hr (20 mph). The bottom plate is
clearly the domnant source at freguencies less than 500 Hz, and the pan-
el eleuents on the left side of cthe vehicle contribute signiticantly
greater puwer than those on the riynt side. Figure 4,17b shows the cal-
cuidted major contributors tu the hull radiatea power ltevels tor the
MI13Al at 32 km/hr (20 mph)} tor comparisun with the AIFV. The contribu-
tions from the top panel, upper side panels and lower side panels (both
left and right combined) are similar and to avoid confusion are repre-
sented by a single curve., The data used for the curves are trom refer-
ence [17], where data tor the left and right sides have been combined and
only the totals wresented. Thus, no distinction is made d4s to which side
radistes more power. For the M113A]l vehicle, Figure 4.17b shows that the
sides and top are the most i1mportant contributors. The AIFV top nlate is
a relatively weak contributor, 1n contrast to the situation for the
M113A1. The smaller-elemnent, stiffer cross-section of the AIFV hull ap-
pears tu block the flow of vibrational energy from attachment point to
the vehicle top surface,

As  for  the M113A1, however, barriers would not be a practical form of
noise control due to the relatively large radiating areas.

Liscusstion

The major observdtions to be made trom these measurements and calcula-
tions are:

1. The AlFY hull vibration levels, particularly in the top plate, are
signiticantly Jlower than in the M113A1 vehicle during underway track
operdtion. These artterences are similiar to the ditterences in 1in-
terior sound levels,

2. The uajor radiating null elements are the bottom plate and the upper
side plates at ltow freyvencies, with the sponsons becoming dominant
at treguencies above their fundamental spdanwise resonance. This is
in contrast with tne M113A1l where the top plate controlled the inter-
yor sound levels.,

3. Statistical trergy Analysis provides a useful tramework for under-
stancing the power flow between structure and interior space even
at freguencies as low as 250 Hz.

S
p m

B LA Wb

L LT TS




C-tove Band Sound Power Levels, df (e |0-‘2 Watls

Figure 4.

A
= ] T ;
i i I , | 5
\ . t 1 | ! .
| | ! | : !
| ! 1 H ' ! :
I | ! : ! , :
120 +- : ’ : ' e
! !
i H
1
| .
:
1
|
; ;
| I
| I
N 73
. ; E %
N ~ ~ ; 1 El |
-—-—_\:—-—“\b— eryrl oy —-—~—1 f E|
, E
i TSlaft ipcnsan oo E
———Senine dccess Tanels 3
—— ) P e rtae =32
() vottim rrate =
| \,\;e". Ueser Stide 9larne =
\ I Ri~fnt Spengon Tof,
‘}_ : T T 1
i 1 N\ |
; [\ —— {3rcy rten
: ! i
| : i AN !
i ' . ) H '
B S T
| . : !
| I ' \I—.f_l‘ Slace
! H : 1
| ' | ' |
| i . - , [ [
| i ; - !
¢0 e I l : -
63 128 252 320 1900 220 4000 32030 15,232
Cectave 3and Center Frequenciey in H2

Major Contributors Within 10 dB of Tatal Rodioted Power

“ajor Contributors to the Hull Radiated Fower Levels,
ATFY (NSJ0O0S) at 32 km/H (20 mph) Test Track Data.

17a




'EWHWH T i SO IR ‘”'1
. B
T
o
f/
o
i
i

I A T e e

120
2 0
El
z
o
‘
=4
4
- 00
o
—: : ! h
2 Averoge, Top, Uope: Side-
"‘J_ ond Llower Side Plates
t 9 t —+
[ |
a |
= :
3 i
3 i
A !
Y |
2 80 i
[ 4 i
2 i
K |
o n
70 ' i
i 60
- 63 125 250 500 1000 2000 4000 8000
. Octove Band Center Frequencies in Hz
'~ .

Figure 4.17h HMajor fontributors to the Hull Radiateo Power Levels, MI13A1 Vehicle i
at 37 km/h (28 mph; Supported on Jackstands :

e




Previous experiments showed that surface damping treatments are unlikely
to significantly reduce interior sound levels, even though the response
of the hull is primarily resonant. This is mainly due to the difficulty
in damping wmodes with a long structural wavelength, which are important
contributors to the overall structural response and acoustic radiation.

Composite structures of the same mass and bending stiffness (for strength
purposes), and consequently having the same resonance frequency distritu-
tion, will be no more amenable to damping than the existing plate confi-
guration: this is because the wavelength of the structural modes will be
unchanged as a function of frequency. Composite structures of the same
mass but Tower stiffness (ignoring strength considerations) will have a
higher modal density, but will be more amenable to structural damping
techniques. [t is believed that these two factors will offset each
other, since the vehicle's resonant response is proportional to the modal
density (which will increase) and inversely proportional to the structur-
al loss factor (which will ingrease). In fact, preliminary analysis in-
dicates that the vehicle response will increase, rather than decrease as
required. While composite structures involving laminated damping layers
ggx provide an advantage, an analysis of the potential benefits as a
unction of structural stiffness, mass, and loss factor (which itself
depends on these two parameters) should be developed to guide any empir-
ical study. It is recommended that such studies be undertaken before any
experimental work is considered.

4.4 Hull Attachment Point Transfer Function Analysis

4,4.1 CGeneral

Attachment point noise-to-force transfer functions (T.F.'s) and inert-
ances were measured on AIFV and M113A1 vehicles for various configura-
tions in an attempt to determine the influence of the differences in hull
construction on the power accepting capability of the two hulls. The
measured data are presented and discussed below. The instrumentation
system used is shown in Figqure 4.18. Inertance is defined as the trans-
fer  function between acceleration output and force input, where the ac-
celeration is measured at the point of application of the force,

H(jw) = 2(w) - Je]ed®. Ja] eifa-8)
Fljo) |Fled®  |F]
so that [H(jw)| ='+§+ is the inertance magnitude and

o(ju) = (a-g) is the inertance phase angle.

4.4.2 Noise-to-Force Transfer Functions
Differences between Teft- and right-side noise-to-force T.fF.'s at the
idler spindle in both vertical and horizontal directions were measured
on the AIFV NSJOOO5 and M113A1 SJ136 vehicles: the reduced data are

-40-
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shown in Figures 4.19 to 4,21, Figure 4.19 (a) shows left- and right-
side noise-to-force T.F.'s for horizontal excitation of the idler spin-

“dle. The right-side T.F, is marginally higher than the left-side in the

mid-frequency range, in comparison to the situation for the MI13Al hull
(Fiqure 4,19 (b)), where differences of up to 6 dR in T,F, occur between
400 Hz and 1 kHz., Comparison of the average of left- and right-.side

~horizontal data for the two hulls, as in Figqure 4.21, shows that the

noise-to-force T,F. for M113A1 hull exceeds that for the AIFV by 3 dB
over most of the frequency range from 100 Hz to 1 kHz, (These trends
are also reflected in the left/right AIFV/M113A1 horizontal inertance
measurements as seen in Figures 4,27 and 4.73 in Section 4,4,3),

NData for vertical excitation of the idler spindles are presented in Fig-
ures 4.20 and 4,21, The right-side T,f. for the AIFV exceeds that for
the left side by a value of about 3 dB over the whole frequency ranae
(Figure 4,20{(a)) 1in contrast ta the case for the MI13Al1 hull (Fiqure
4,20(b)) where the left and right T.F,'s are similar, These are in
contrast to the acceleratinn level Aifferences hetween left and right
sides of the AIFV vehicle shown in Fiqure 4.,7(a), Left/right averaqed
data for the two hulls are compared in Figure 4,21(a), where the abso-
lute differences in T,F, maanitude are seen to he about 10 dB at about
175 Hz decreasina to 1 to 7 dR at 1 kHz., (Again, these differences are
in general agreement with those found in inertance measurement to be
presented in Section 4,4,3),

We note that the present T,F,'s for the Mii3A1 huil are in aond agree-
ment with those previously presented in [16], Fiqure 35. which involved
3 similar measurement confiqguration,

Hull Inertance Transfer Functions

Left/Right Asymmetries - AIFY

Left- and right-side idler inertance measuresents, both magnitude
(tHpi} and phase (&), for horizontal and vertical excitation of the
ATFV hull, with turret mounted on vehicle, are presented in Figures 4,27
and 3,213, in both directions, considerable asymm2try between left and
right sides at the A[FY null ddier inertdnces exist, although this is
strongest in the vertical direction and in the reqgion of 1 K4z, At low
frequencies, the horizortal hull inertances increasse smoathly at about
12 dB  per doubling of frequencv, and the phase angle hetween accelera-
tion and force 1s 180¢, characteristic of a stiffness-contrglled system,
As  freauency 1increases, hull resnnances produce fluctuations in inert-
ance nmagnitude and decreases in phase anqgle, In the vertical direction,
the inertance maunitude fluctuates stronaly at low frequency about the
snonth  horizontal inertance function; correspondingly strona variations
in phase angle occur., Hull resonances are apperently more easily driven
by @ vertical idier force than by ore in the horizontal Adirection, This
is more clearly seen in Vigqure 4,73 where horizontai and vertical inert-
ances are compdred over the freguency rarqge up £ 200 4z,
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Similtar results are observed at the final drive attachment points., Fi-
qures 4.25 and 4,26 show the horizontal and vertical inertances respec-
tively, Only small inertance differences between left and right sides
exist in the horizontal direction, but in the vertical direction strong-
er asymmetries (up to 8 dB) occur, Of greater importance is the 5 to 8
dB difference between vertical and horizontal inertance over the low
frequency range up to 250 Hz, As for the idler spindle, stronger cou-
pling occurs betwee) the hull and final drive attachment point for ver-
tical excitation than for the horizontal direction, We also note that
the magnitudes of the idler inertances are greater than those for the
final drive, in bgoth excitation directions.

4.3.3.2 Left/Right Asymmetries - M113A]

Left- and right-side inertance asymmetries in the horizontal and verti-
cal directions on the MI13Al1 idler spindles are shown in Figures 4,27
and 4,28, The right side idler attachment is 3 to 5 dB stiffer in the
horizontal direction over much of the frequency range to 2 kHz, There
1$ closc correspondence in vertical inertance over most of the frequency
range except pelow 200 Hz, where stronger coupling to resonant modes oc-
curs for the right idier. These asymmetries are reflected in the noise-
to-force transfer functions presented in Section 4.4.1,

Tne vertical and horizontal idler inertance functions for the M113Al1 are
compared at low frequencies 1n Figure 4,29, A 10 dB difference 1n in-
ertance function magnitude reflects the great differences in hull stiff-
ness in the horizontal and vertical directions. Ffurther, the mean phase
angle difference (about 90°) between veirtical and horizontal directions
reflects the aifferences in the nature of the hull dynamic response and
power acceptance characteristics: the hull response is influenced at
some frequencies by structural resonances for vertical excitation, but
dominated by hull stiffness (mainly in the horizontal direction) for
horizontal excitation, These trends were also evident 1in the AIFV
results, in particular Figure 4,24,

§,4,2,3 Effect of the AIFV Turret

Inertances at idier and final drive attachment points were measured with
the turret mass both mounted on and removed from the AIFV hull., Since
the turret mass represents only 10% of the total vehicle mass, the tur-
ret was not expected to have a significant effect on the attachment
point inertances at high frequency where the turret effect will be .
localized to the turret area. In contrast, at low frequencies where 3
structural wavelengths are of the order of the vehicle length,

differences were expected since the turret effect is no longer
locaiized.

.J"(". o

Figure 34,30 shows the left-side, horizontal idler inertance functions
with and without the turret mass in position: no significant differences
in nertance magnitude  or phase exist, Similar results are found for
~ the vertical 1nertance function, although at frequencies below 200 Hz,

sotie  minor changes in magnitude and frequency response occurred, as
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4.4.3.4

4.4.4

shown in Figure 4.31. Results for the right side of the AIFV were gen-
erally the same as for the vehicle left side. Likewise, the turret mass
hed no significant effect on final drive inertance functions. An exam-
ple is shown in Figure 4.32.

AIFV/M113A1 Comparisons

Figure 4.33 presents direct comparison of the left-side, idler spindle
inertance functions measured for vertical excitation. While there are
general similarities in the results, certain differences are clecar. At
frequencies below 250 Hz both vehicles exhibit a resonant response.
This is characterized by phase variations from 0° and strong fluctua-
tions 1in 1inertance magnitude with frequency. The frequency range over
which this occurs is wider for the M113A1 than for the AIFV. At the
same time the inertance magnityde of the MI13Al is up to 10 d3 greater
than that for the AIJFV, It appears that the M113Al structure will
more easily accept low frequency power for vertical idler forces than
will the AIFV structure. The same trend exists for measurements on the
right side of the vehicles. At higher frequencies, the M113Al inertance
exceeds that of the AIFV by about 3 dB, while the phase variations are
essentially the same. The power accepting character of the right idler
at high frequencies is similar,

The horizontal incrtance functions of the idlers of the two vehicles are
similar as shown in Figure 4.34.

Figure 4.35 compares final-drive vertical and horizontal inertance
functions for AIFV and M113A1: the instrurentation system involved was
similar to that in Figure 4.18 and is described in [17]. The M113Al
vertical inertance 1is much the same as that of the AIFV, but the mid-
frequency horizontal inertance of the H113A1 final-drive is about 2 dB
greater than that of the AIFV.

Figure 4.36 shows the inertance measured at the bottom of the roadarm
attachment (on the bearing housing) for the AIFV and M113A1 vehicles:
the transfer functions are similar, and both indicated a primarily
stiffness-controlled response at the roadarm/hull attachment points.

It appears that the major differences between the two vehicles lie in
the power accepting characteristics of the idler in the vertical and, to
a minor extent, horizontal directions at low freguencies.

Discussion

The following major observations CQE be made from these measurements:

1. At frequencies below 250 Hz, the vertical inertance of each hull is
greater than that in the horizontal direction.

2. The vertical idler inertance of the M113A1 hull is greater than that
of the AIFV hull, particularly between 100 and 300 Hz.
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3. Assuming equal force input to the attachment points in both hoxizon-
tal and vertical directions, the vertical idler forces will control
the interior noise levels in each hull. However, from [16] it can
be deduced that the horizontal idler forces can exceed by up to 10
dt those developed in the vertical direction.

4, The turret mass does not significantly impact the vehicle inertance
functions.

5. Strong asymmetries between left- and right-side inertances and
noise-to-force T.F.'s exist for the AIFV, but these are less evident
in the M113A1 data. These may result from longitudinal idler mount-
ing differences.

In Section 4.4.2, the noise/force T.F.'s for the M113A1 werce found to be
between 3 and 10 dB greater than the corresponding T.F.'s for the AIFV
vehicle and these differences are similar to the inertance differences
reported in Section 4.4.3. This is not necessarily expected since the
inertance function is an integrated measurement of the power accepting
and structural dissipation characteristics of the hull structure, while
the noise/force T.F. also incorporates the hull radiation characteris-
tics. A more direct relation between response/force and noise/force
T.F.'s would be found if response measuremcnts were made on the major
radiating areas such as the top and bottom plates. lHowever, in general
it is believed that reductions in the attachment point inertances will
lead to similar reductions in the hull vibration response and in turn in
the interior noise levels.

Appropriate structural modifications are not immediately obvious from the
reported measurements and so an analytical model was to be developed to
provide gquidance in the hull redesign process which aims te produce a
5 to 10 dBA noise reduction through practical hull modifications. The
analytical medeling study cn the baseline M113A1 vehicle is presented in
the next section.

FINITE ELEMENT MODAL ANALYSIS OF AN M113A1 VEHICLE

General

The wvibratory power acceptance characteristics of the M113A1 hull over
the critical frequency range up to 500 Hz is influenced strongly by whole
vehicle vibration modes, that is by modes whose wavelengths are compar-
able to typical hull dimensions. Finite-element (F-E) analysis was pro-
posed as a feasible, economic modeling technique which would allow accur-
ate calculation of hull resonance frequencies and mode shapes and, in
turn, hull inertance and force-to-acceleration transfer functions and
facilitate an understanding of the hull power flow for noise control pur-
poses. This chapter reports thewresults of the F-E modeling study con-
ducted: included are discussions of the basic modeling concepts and
assumptions, a theoretical discussion for the prediction of vibration and
noise Tlevels, study results for initial and final F-E hull models, and
study conclusions and recommendations for model use.
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Summary of Equations for Generalized Structural Vibration Response and
Interior Acoustic Power Radiation

" "The vibrational response of a bounding structure and the associated in-

terior acoustic radiation into the bounded cavity can be derived from
classical theory. A brief derivation of these results is presented in
Appendix A and the major results are summarized below.

"The vibrational response of the structure w(X,w) due to a point harmonic

force of amplitude F{w) located at xp at circular frequency w is given

~

- :{P;X)‘*"r<xw)'
wix,w' = F{u 2 Y -
rr

r

Here, the structure 1is represented by its set of normal modes, where
VYps Mey and Y are the mode shape, generalized mass, and modal re-
ceptance of the rth normal mode. In particular,

where w. and n. are the resonance frequency and loss factor of the
rth mode, and

where 1(x) is the surface mass density of the structure at x.

when scveral modes are resonant in @ narrow frequency band of widthAw
and the anplitude of the excitation force F(w) at YF 1s constant over the
analysis band, the vibrational response of the Sstructure will be
determined by the resonant peaks of those modes resonant in the analysis
band (rei.). In assessing the effects of structural modifications,
estimates of snace-averaged, mean-square displacements averaged over
the narrow band of frequencies aw are more wuseful than point-to-point
transfer functions, due to the spatial variation in surface displacement.
An expression for these displacements is derived in Appendix A as
equation (A,12). The band-averaged displacement spectrum is




5.3

2
where FZ = f;é%il Aw. is the band-limited force spectrum level.

Here w2A A is the space-averaged mean-square displacement, averaged
over Aw, developed on the structural element A in response to the band-
limited force F?A acting at Xr. Such an element could be the roof or
floor or sidewall, and each contribution to the total energy of vibration

is indicated by the expression
-lgw;(i)dx
£

The term 1in square brackets describtes the restraint provided by the
structure on the region A of interest.

The quantities M., ¥, (x), and ¥ _(xc) are calculated in the F-E computing
procedure so tha{ equat1on (A.12) can be evaluated by manipulation of the
output file data.

The band-limited acousti¢ power wh Ain watts radiated to the cavity in-
terior from the structural element A’is derived as (Equation (A.19))

14 = 2 e 13
MA,A w “A,A * Rrad,A (13)
[w (x)ax w (*c )
w2
W EES) R
“aoA T T ota & i Rrag,a
‘r'r

where B A 1s the band-averaged radiation resistance for the structural
element ﬂ,’ca]culated from Statistical Energy Analysis. Such an approach
will be wvalid within reasonable limits for frequencies of about 200 Hz
and above. For example, using Equation (9.5.16) from [15] for the modal
density of a rectangular parallelopiped, the M113A1 of interest will have
5 acoustic modes in the 200 Hz one-third octave band. Alternative
approaches, while theoretically practical,will be excessively expensive,
yet cannot be guaranteed to be more accurate due to imprecision in input
data.

Equation (13) shows that the results for structural response of the vari-
ous hull elements can be used to directly calculate the interior radia-
tion. Likewise,noise reductions associated with different hull configqur-
ations can be assessed by changes in sz A and Rrad A

b 3

Modeling Procedure ~

The basic concept of the finite element method is that every structure
may be considered to be an assemblage of individual structural components
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or elements. The structure must consist of a finite number of such ele-
ments, interconnected at a finite number of joints or nodal points. This

finite character of the structural representation makes possible the
analysis by means of matrix equations, as distinct from the continuum
mechanics approach which becomes impractical for complex structures.
Thus, and on account of the general simplicity of the M113 hull, F-E
analysis was selected as the modeling procedure,

To make the validation of the finite-element model more direct, the bare
hull was modeled in the configuration corresponding to the inertance and
noise/force transfer function measurements described earlier. Extension
of results to underway operation will require some additional modeling of
the idler linkages. The hull model presently includes the idler spindle
only. The bilateral symmetry of the hull suggested that only half of the
structure needed to be modeled, and this was done with a combination of
plate and heam elements using anly about 150 nodes. In the modal extrac-
tion process symmetric and antisymmetric modes were generated in two
computer runs where the hull centerline boundary conditions are main- .’
tained to have, respectively, zero vertical displacement but may rotate,
or zero rotation but may deflect vertically: computer costs are thus
significantly reduced. Very stiff members, such as the longitudinal box
beams, the bottom plate stiffeners, the narrow sill plates bounding the
ramp door and the cupola support frames, were modeled with equivalent

beam elements. Massive elements such as the batteries, fuel tanks,
hatches, and the ramp door were represented as lumped mass.s located at
boundary nodes. The vehicle engine, roadwheels, track, and suspension

elements were considered isolated from the hull and therefore omitted, as
were the forward engine hatch cover plates.

Large plate elements such as the top plate, bottom plate, and upper side
plates were represented by plate elements connecting a grid of node
points distributed approximately uniformly over the hull surfaces. The
local stiffness characteristics of the idler spindle and mounting pad
were representad by a beam of equivalent stiffness, determined from a
static analysis of the idler pad area using a finite element modeling
technique, EASE2, which is supported by Engineering Analysis Corporation,
Los Angeles, The 1ocal stiffness characteristics were added into the
hull model.

Mode shapes, resonance frequencies, and modal masses were computed using
the STAR program of the MRI/STARDYNE Static and Dynamic Structural Anal-
ysis System, developed by Mechanics Research Inc., Los Angeles.

Transfer functions, both drive point inertance and hull acceleration-to-
idler force T.F.'s, were calculated using DYNRE? proqram of the
MRI/STARDYNE System, In this, <o0ss factor data from previous measure-
ments were used. T.F.'s were computed for both symmetric and antisym-
metric modes and combined as vectors.

Validation was to be carried out hy comparison of weasured and computed

idler inertance and hull acceleration-to-force T.F.'s. Limited noise-to-
force T.F.,'s were to be computed for comparisor with measurement.

-0H6-




5.4
5.4.1

Results

Initial Model Configuration

The initial wmodeling array of nodes and plate elements is shown in Fi-
gures 5.1 (a), (b) and (c) in isometric view, and Figure 5.1 (d) in a
single projection where all the elements and nodes are connected as
modeled.

The top plate consisted of a rectangular array, 9 elements along the top
plate length and 4 elenents across half the top plate width. Rectangular
cutouts represent the cargo hatch and the commander's cupola. The in-
clined front was represented as 9 rectangular plate elements, the asym-
metry of the engine access opening being ignored due to its remoteness
fron the drive point. The hatch plates were omitted for simplicity.

The wupper side plate was represented by rectangular and triangular plate
elements, with two interior nodes from the sponsu: to the top plate, and
about 10 interior nodes longitudinally. The sponson was represented by a
single longitudinal 1liné of plates, i.e. no interior nodes were used
across the sponson width following the argument that the lowest sponson
mode was measured to be above 500 Hz. Likewise the lower side plate con-
tained no interior nodes across its vertical dimension, being represented
by a line of rectangular plates.

The bottom plate was represented by a set of rectangular and triangular
plates with a series of beams Tocated approximately where the floor
plate supports exist in the actual vehicle. To include the effects of
the engine bulkhead, bottom and top plates are tied together with plate
elements at node locations 400, 412, and 310. Only one interior node was
used between the center of the bottom plate and the lower side plate.
/

The box beam was represented by a line of beam elements located at the
Jjunction of the lower side plate and the bottom plate, with appropriate
torsional and bending stiffnesses. The rear hull above the sponson was
represented by a set of three plate elements bounded on the ramp side by
a stiffening bean element. The sill which extends around the ramp was
represented by beam elements, although the sill at the bottom plate line
was omitted. The mass of the ramp was represented by a series of point
masses located at the base of the ramp-nodes 1200 and 1201, the ramp be-
ing considered to provide no significant stiffening to the bounding sill
of the hull rear panel.

The eqguivalent beam representing the local stiffness characteristics of
the idler pad was attached to the hull at node 1202 and extending essen-
tially as on the real vehicle: thus a node at 1250 occurs 125 mm (5 in)
from 1202, which 1is the corner of the vehicle. Two additional nodes,
1251 and 1252, oriented vertically and horizontally, are located very
close to node 1250, and this allows the response to be calculated at the
point of application of the force (1250).

An isometric view of the nodal arrangement is shown in Figure 5.2. The
suppnrl,  systom  for all nodes corresponds to the hull supported to allow
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Figure 5.1(a) to (c). Isometric View of Node Locations - Initial Hul) Mode).
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unrestrained vibration. Thus,the actual grounding occurring during mea-
surements (i.e., wooden cribbing arbitrarily placed in from each corner
of the hull under the rear sill) was not modeled directly -- rather the
free-force supports were thought most representative of the actual sup-
port conditions, although at high frequencies the supports should not
afect the results to any great degree.

The degree of detail employed in the hull model adequately represents the
elastic behavior of the vehicle in all but one respect; the local deflec-
tions near the point of application of force. Providing sufficient de-
tail in the vicinity of the idler attach pad in the hull model would be
prohibitiveiy expensive and would decrease overall accuracy. Instead the
local flexibility is simulated in another finite element model, a detail-
ed representation of the rear lower corner region using the local geome-
try model shown in Figure 5.3 (a), which shows the nodal arrangement of
the left-hand idler pad viewed from the centerline of the vehicle. In
this analysis the idler was considered as a rigid body attached to the
hull at the eight bolt locations. Lloads developed in the idler in re-
sponse to a horizontal or vertical force at the idler free-end were
transmitted to the idler pad and surrounding structure through the bolt
locations common to both idler and pad. The results constitute the
stiffness matrix of only those local elastic details which are not repre-
sented in the hull elements. This local stiffness matrix is incorporated
into the hull model as an equivalent beam. (The equivalent beam method
is used because it is more convenient than applying an actual stiffness
matrix; the solution is exact.)

Figures 5.3 (b) and (c) show the idler pad distortions produced by ver-
tical and horizontal! idler forces. Considerable out-of-plane deflections
are produced by an in-plane force, as indicated in the idler pad flexi-
bility matrices presented in Table 5.1. In this the deflections of the
idler free-end to vertical and horizontal forces are presented in Table

TABLE 5.1 IDLER ATTACH PAD FLEXIBILITY

MI13AL - Left Side Pad ML13AL - Right Side Pad

5, 6

X A

22| 2633 L0440

Fx Fx ¢ in . |.se3 27 o
S Ox 1227 4201

XX | Loaa0 L2959

z 21

(x - direction is horizontal (longitudinal) and z - direction is vertical)

Equivaient Beam: Llength = § in.
z

lyo = 22.52 in® p~\~y/zl Iy+ = 20.58 in"

- inh O’ L
I,0 = 31.60 in N // Izuk= 11.12 1in

\ .
~N
0 = 34.84° /// "N Xt o = 27.01°
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(a) Idler pad flexibility
model-left side

N

SO S AN

AN

(b) idler pad
deflections for
horizontal force

(c) Idler pad
L deflections for
vertical force

Figure 5.3. Idler Pad Static Flexibilities.
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5.1. In this table, the deflections of the idler free-end to vertical
and horizontal forces are presented for both left and right sides of the
M113Al idler attach. The left side horizontal and vertical flexibilities
are approximately equal, but are less than the corresponding right side
flexibilities by about a factor of 2: the mounting location of the left
idler spindle 1is more forward of the plane of hull rear plate than that
of the right side idler, and this forward location appears somewhat stif-
fer to idler forces. Table 5.1 also includes the characteristics of the
equivalent beams used to represent the local deflection characteristics
of the idler attach area. The equivalent beam has different vertical and
horizontal stiffnesses and is inclined at angle® (the angle of the prin-
cipal axes of displacement relative to vertical) to produce the cross-
coupling shown in Figures 5.3 (b) and (c). These characteristics are
added to the F-E model in the modal extraction process in the program
STAR.

The  STARDYNE  procedure consists of stiffness matrix formulation,
eigenvalue/eigenvector determination, and dynamic response analysis, the
first two steps being carried out in the program STAR and the latter in
DYNRE?Z. In formulation of the stiffness matrix [K], the stiffness ma-
trices for the individual finite elements are first computed and trans-
formed, as required, in a form relating to a global coordinate system.
Finally, the individual element stiffnesses contributing to each nodal
point are superimposed to obtain the total assemblage stiffness matrix
[K]. The eigenvalues (natural frequencies) w? and eigenvectors (normal
modes) q of the structural system are found by solving the equation

w?[m] {q} - [K]{q}=0

where [m] is the (diagonal) mass matrix: the LANCZOS Modal Extraction
Method was used. DYNRE2 uses these results to calculate the dynamic re-
sponse (T.F.) of the structure for a set of unit sinusoid excitations
applied to a specific node (idler) on the structure. References [5] and
[6] contain theoretical and user information.

Appendix B contains sample input and output data for the initial huill F-E
model for both the STAR and DYNREZ programs. Sections B and C of
Reference [6] will demonstrate the formats used for the various input and
output data. In summary, Tables B.1 and B.2 contain, respectively, input
and output data for program STAR and Tables B.3 and B.4 contain, respec-
tively, input and output data for program DYNRE2: information in these
tables should be self-explanatory. More general results for the initial
model are described in the following paragraphs.

Table 5.2 presents abbreviated modal extraction data for both antisym-
metric and symmetric centerline boundary conditions with comments con-
cerning the nature of the resonant modes. Mode numbers 1 to 3 are trans-
lational modes of the undistorted vehicle, while higher modes involve
distortion of the vehicle shape in bending and twisting. Figures 5.4 (a)
to (o) show isometric views of typical vehicle mode shapes: both symme-
tric and antisymmetric examples are included. The annotation in Table
5.2 under the ** columns seeks to suggest the regions of the hull struc-
ture  possessing  the maximum kinetic energy. At low frequencies the

.73




£-108
£-105
1-¢1cl
1-80¢
£-018
£-60¢
£-013
€-015
£-104
£-106
£-018
£-106
2-4908
£-605
£-019
2-405
£-600
1-80¢
£-60¢
£-60¢
€-019
£-606
£-600
€-019
¢-t0L
£-1621
g-10d1
2-€01
€-10c1
2-8021

LOUOXrrOoULE X xcrOLOO LW oL Lol or ol &2

[

»x 400-300N
NOTLVISNYYL XYW

poUL}ap | |OM uoij0W BPLS = §
uoL3ou Apog oloym “QuUBWI D pauLquo) = )

1561
£6°911
24 * 881
p2°891
94591
1£°10.
0Z *09%
61" vib
60°212
82 p0E
by 192
80°911
GE *9g€
15°626
09°8TY
S/ 458
29°¢€1
0£*581
16°681
22582
902/
$6°829
St °GE2
82°152
G EEel
68°12¢€
b*0281
179461
£ °£89€
1°v65E
W

LH913M
03Z17V3INIO

¢"19¢
€784¢
SRRAT
¢ 0S¢
6°Gve
6°9¢&¢
§°0€¢
0°22¢
¢°61¢
5°60¢
8°L0¢
9°861
¢ 061
9°6L1
v /91
¢"961
G 061
v ocll
e slt
G111
L°86

8°68

3N 74

9°¢9

1°€S

v
61

(>R Rariio)op]

!

AON3INDI4A
TYUNLYN

SIAOW ITYLIWWASTINY

~

o L L
”~ L]
S NI o i o o 4 SURR S VN &

L. b
"
Lol xu aoaxau e

-

e ol
-

—

x¥

.

pauljop [jom ¥je|d doj

pouljep ||oM aje|d wozjoy

Sapoy

1-£0T1
£-10L
1111
e-1111
¢-509
€-60L
£-605
£-606
£-0001
£-008
1101
€116
E-114
[-60¢
£-118
£-009
e-11¢1
€-116
£-606
e-1121
£-008
e-11¢
€-00ct
€-1101
£-1101
€-118
£-00<1
g-11¢1
€-L01
1-00T

400-3d0K

NOTLVISNYYEL XV

[RUOLIPB|SUPJ]

0€<°99
9y°081
08-gee
L1°911
Ev°19¢
90" 10%
£€9°2LE
99°0€t¢
9% °1Le
G/°6L€
0E°L1¢
927011
12°60¢
ASETAl
9v 611
€0°9¢1
66°0¢t1
L17991
v5°8L6
21979/
Ly 91
€5°001
£9°8E€
L5788y
S6°v01
P 661
vy y0E
G 81ES
/AN7AN!
L°86ES

A
[

IHOT3M
d3Z1Tvd3INI0

1

n

5°9%¢
S 1ve
9°0¢&¢
§°6¢c
§76I¢
g 00¢
ARX
AN
L7901
6°691
¢ ¢91
9761
9°g¢t1
9°gl1
§pIl
97401
L7101
0°66

L7€6

6°6¢

9799

8¢9

G°96

AININD3Y4
TVENLYN

S300W ITYLIWWAS

1300W 1I0H TVILINI

‘Y1VQ NOILOVHLX3 TYGOW -- 2°G 9tqel

Lot

0¢
6¢
(14

A SR IS @R N
NN

— Q™
NN

(o) ab]
- J

~ O M O WO QO
et ot pd et ety et pnd

—~ O DO NSO O
—

oK

fa)
GOw

-74-




LLNH CLLW 40 L3POW LBLILUT 103 sodeys opop uotleagip LedtdAL TS 4nbi4

u_:mEExm:c,q zH 7°¢S ()

U_\:oEExm ZH ¥°9¢ AE

e

sijewwAsiuy ZH 9761 (©)

suppwwAs zH €°0€ @




LLNH €LLW 3O L3POW feLitul 404 sadeys 9poW UOLIBAQLA LeotdAL  ‘¢°§ a4nbL4

sipwuwhsiuy zH 6°68 (6)

oppewwAs zH £°€6 (Y)

| 7 \

= — —
™~ =
sipawwis zH 8799 (4) s1ppwwAsiiuy zH £7Z29 (9)
K atlil
LT - f
g R,




LLNH £LLW $O L9POW (B3Il 40} sadeys SpoW UOLIRAQLA jeotdky "G d4nbid

A
sipewwis zH 9/1 (1) srpowwAstuy zH 951 (%)

-77-



LLNH ELLW 40 L[OPOW LBLILU] 04 sadeys apoy UOLIRAGLA {eotdAL "G adnbiy

orppwwAstiuy zH 7zZ (9)

sipwwAs zH £°612 (V)




vibration modes involve twisting, dilatation, and bending of the whole
vehicle; as frequency increases, the structural wavelength decreases and
the modal kinetic energy hecomes confined to elements of the structure,
in particular the bottom end top plates. This behavior is reflected in
the generalizea weight parameter M. which decreases as mode order in-
creases. The density of hull vibration modes generally tends to increase
with increasing frequency, approaching at 250 Hz the modal density of a
flat plate of area and mass equal to the total area and mass of the bare
hull, viz., about 0.35 modes/Hz, as shown in Fiqure 5.5. The modal over-
lap, i.e., the ratio of modal bandwidth (=fr”r) to separation betweenres-
onant modes, is qreater than unity so that a relatively smooth resonant
idler inertance would be expected.

Examination of these mode shapes suggests certain potential modeling de-
ficiencies. For example, in Figures 5.4 (c) and 5.4 (d) the deflection
of the lower rear plate sill is large and out of, character with the near-
by deflection pattern suggesting incorrect stiffness representation in
the sill, In Figure 5.4 (qg) substantial bottom plate, lower side plate,
and sponson bending and twisting occurs, and one expects that inaccur-
acies in deflection adjacent to the idler may bhe generated due to there
being no interior nodes in the sponson and lower sideplate. In Figure
5.4 (j) locally high defiections of the cupola boundary suggest a
lack of boundary stiffness. In Figures 5.4 (1) and 5.4 (0) the
node spacing 1is barely one-half the structural wavelength: more
interior nodes are probably required for qood representation of the
hottom plate and top plate dynamics above 160Hz.

Root-mean-square inertance functions for the vehicle left-side idler for
horizontal and vertical excitations are shown in Fiqures 5.6 (a) and (b),
where the acceleration is measured in the direction of the applied force.
In this calculation, modes of order greater that 13 were given a loss
factor of 0.040, while lower order modes had a loss factor of 0.1. As
both symmetric and antisymmetric modes have the same phase angle spec-
trum, the sum is found by arithmetic addition. In general, the antisym-
metric modes are computed to make a stronger contribution than the sym-
metric.

le note that the vertical idler response to horizontal excitation (Fiqure
5.6 (c)) is much stronger at low freguencies than the horizontal due to
cross coupling induced by the inclined rear plate of the hull, The ver-
tical response to vertical excitation (Figure 5.6 (b)) is much stronger
than for horizontal, reflecting the more direct coupling of vertical
idler forces to resonant and nonresonant hull modes,

Comparisons between measured data and computed inertances are shown in
Figqure 5.7, In general, the measured and computed data have quite
similar characteristics for both vertical and horizontal excitations.
For the horizontal direction, fair agreement occurs at low (less than 4n
2y and hiqh (greater than 140 Hz) frequencies, but the computed curve is
about 10 dB less than the measured results at about 80 Hz: it appears
that siqnificant errors in the horizontal hull stiffness have been made.
In the wvertical direction, however, the computed inertance generally
csoewdy the  cweasured  data,  but  has  the same fluctuating (modal)
rharactoristics,
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Upgrading the loss factor to conform with measurements wiil improve the
agreement only slightly for vertical excitaticn, but not effect the hor-
jzontal results.

liqures 5.8 (a) and {b) present measured and computed acceleration-to-

force transfer functions for a single point on, respectively, the hul)

top and bottom plates for both vertical and horizontal excitations at the
idler. For horizontal excitation, the computed top plate response lies
ahout 10 dB above the measured data over most of the frequency range, but
tends to aqree reasonably with the measur:ments above 160 Hz. Similarly,
for wvertical excitation the computed top nlate response matches the rea-
surements fairly well above 100 Hz., In Figure 5.8 (b), fair agreement
exists between measured and computed hottom plate response over most of
the frequency range, except for horizontal excitation at frequencies
ahove 1000 Hz, where the computed response lies 10 to 15 dR above the nica-
sured data. While single point comparisons tend to be poor due to the
spatial wvariability normally encountered, it appears that the hottom
plate and, to a lesser extent, the top plate, are perhaps insufficiently
stiff so that larger <eflections are beina produced than occur in prac-
tice, The simple model for the structural loss factor used in these ini-
tialcalculations was a stepped function of freauency, i.e.,n = 0,19 for
modes of order less than and ecual to 12, and n= 0.04 for hicher order
modes.

To refine the dampinag representation, the solid loss factor curve from
Fiqure 4.15, representing the mean of the M1123A1 experimental data, was
then input to NYYREZ and the various transfer functions recalculated. In
this way, for frequencies below about 100 Hz and above 160 Hz, the loss
factors were increased, byt ntherwise were marcinally decreased, Fiaure
5.9 provides a comparison of the calculated inertances for the initial
stepped and the measured 19ss factor formulations, At most frequencies
the strong oscillating behavior of the inertance curves has been smoothed
so that the qgeneral similarity between measurec¢ and computed results for
hoth directions has been improved, The effect is weaker for horizontal
excitation than for vertical excitation. However, the qeneral 1N d8
aifferences tetween measured and computed inertances remain,

fiqure 5,10 compares the bottnm plate transfer functions for the initial
stepped and measured 1oss factor data with the megsured data: a aeneral
improvement 1n the agreement between measured and calculated results has
been achieved, although the strong calculated response pedks a+t 100 Hz
and 160 Hz are unaffected. The hottom plate appears to he irsutticiently
stiff. The transfer functions for the top plate at two different nodes
(708 and 1008}, using the measured loss factor data, are canmpared with
the top plate transfer function for node 1009 in Figure 5.11, where the
effect of loss factor changes on tne T,F. result for node 1079 was ex-
pected to be small, {f interest here are (1) the <loser aareement which
exists at nost  frequencies helow 200 Hz, hetween nmeasured and computed
results, and (1) the considerable variation between the calculated data
at different nodes in the top plate, Node 1009 is located at the free
edge of the <¢arqo hatch, where the predicted mode shapes have somewhat
unrediistic deflections, whereas the nndes 708 and 1003 are located away
from model and hatch boundaries where relative node displacements are
MNre arturdte.  Space-averaaing ot resylte, bulh seasured and cairosioied,
is necessary for reliaghle evaluation of data!
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Figure 5.10.

Figure 5.11.
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5.4,2

Modal extractions and transfer functions for the right-side idler were
“computed using the bean equivalent to the right-side idler deflection

characteristics from Table 5.1. Results, identical to those already com-
puted for the left-side idler (five significant figures), were calcula-
ted., In evaluation of the data it became apparent that the structural
members controlling the overall stiffness characteristics of the idler
inertance were located adjacent to the idler attach area, rather than the
idler and the local structure themselves, For example, the flexibility
of the box beam is much greater than that of both the idler beam itself
and the combined idler and local attachment area, so that, to first ap-
proximation, the idler and attachment area rotate and deflect as a solid
body against the restraint provided by the attached hull members, com-
prised of torsion box beam, hottom, side, and rear plates. Examination
of the mode shapes reveals that little relative distortion of the box
beam is predicted to occur between nodes 1002 and 1202, as shown in Fig-
ures 5.12(a) and (b) for two antisymmetric modes (85 Hz and 199 Hz). For
example, the slope of the vertical displacement curve (X3) and the rota-
tion of the box beam about its axis (o) adjacent to the idler location
(node 1202) are essentially constant between nodes 1002 and 1202. Since
the idler and attachment area are more stiff than the connected structure
by a factor of at least 100, changes in loca) stiffness by factors of
two, das occur between left and right idler, will produce no significant
changes in overall stiffness, mode shapes, or hull transfer functions, in
accordance with the calcilated results, Using tnis initial model, it
appears that the hull stiffness, rather than the stiffness of the idler
attach area, controls the hull power tlow so that even large stiffness
changes local to the {already very stiff) idier will have 1ittle impact
on the hull vibration response.

Comparison of resonance frequency predictions with the liimited experimen-
tal data available suggested that the geometry of hull had been represen-
ted sufficiently well, Errors in inertance magnitude were therefore pro-
posed to result from inadequacies in modeling the stiffness characteris-
tics of hull, including the area local to the idler attach, These tend to
control the local mode shapes, i.c., the parameter Y ~(xg). Therefore,
detailed revision of the modeling processes was conducted for the
stiffness contributions of the idler spindle and pad, box beam, and rear
plate ramp sill. A minor error in the torsion constant of the box beam
and the omission of the horizontal beam representing the lower rear plate
were discovered. It was also considered that the support on wooden
cribbing during inertance experiments may have strongly influenced the
local mode shapes, but futher computations (modal extraction and transfer
function for antisymmetric modes) showed that the hull support condition
was of second order importance, resulting in only Tinor changes in low-

frequency resonance frequencies, mode shapes v pn(xp), and transfer
functions.

Revised Hull Dynamic Model

while the initial finite-element model of the M113 hull produced values
ot naturai frequency which were in gqood agreement with experimental
values, the vibration response levels were noticeably different. Re-
sponse to vertical excitation was in excess of measured values, both at
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Investigation of the problem included revision of the values of loss fac-
tor used and modification of the method of support. The results have
suggested that second-order details in structural modeling were the most
1ikely cause,

The model has therefore been made somewhat more detailed to represent
those structural effects which provide local stiffness, introduce
boundary eftects, or provide interpanel coupling, As an example, the
geometry of the driver's hatch and cupola was refined, and the flexural
stiffness of the hatch rims were added. Also, the element detail was
refined in the region of the idler to better accomodate the load paths
resulting from idler excitation. An additional measure of the effects of
changing 1idler 1location can be performed with this model, and better
panel-averaged deflections can be computed. The effect of the lower side
plate Vs now better represented, and possibly significant geometric
details n the 1location of floor supports and in rear panel size have
been re\ised, The model revision has required additional nodes, which
with extension of the frequercy range of interest, has caused the
solution cost to roughly double.

The revised modeling array of nodes and plate elements is shown in Fiqure
5.13(2), in sometric view, and in Fiqure 5,13(b) in a single
projection where all the elements and nodes are connected as modeled,
As already noted, more detailed representations for the top and bottom
plates have been made, including adding in the driver's hatch, refining
the cupola, and upgrading the interpanel coupling characteristics of
the stiffening members at the top of the rear plate and at the ramp
sill, Plate elements have been used more extensively in the rear panel,
Idler '"equivalent beams" have been located at four positions (nodes 103
and 203, and 104 and 204) representing the geometric location of the
left and right idlers on the M113A1 and AIFV vehicles, respectively, The
stiffness of the floor plate supports has been increased from the initial
incorrect and low values, and the longitudinal centerline floor plate
support has now been included. The qeometric location of these supports
is now more accurate, More definition in the lower side plate has been
included.

The local flexibility characteristics of the idler attach area was the
same as used in the initial model, but the different idler characteris-
tics are now located at different nodes to correspond to different idler
configurations.

Modal extractions and dynamic response (T.F,) calculations for the re-
vised hull model were performed as before, except for two loading condi-
tions corresponding to sets of unit sinuscidal excitations applied at
nodes 1 and 4 (the most extreme idler positions). Appendix C containc
sample input and output data for this revised model for both the STAR and
DYNRE2 programs, In summary, Tables C.1 and C.2 contain, respectively,
input and data for programs STAR, and lables (.3 and (.d coniain, respecs
tively, 1input and output date for program DYNRE2. General results are
described helow.
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Table 5.3 presents ahbreviated modal extraction data for both antisym-
metric and symmetric centerline boundary conditions. Comparison of data
in Table 5.3 with data from the initial hull model (Table 5.2) reveals
that the distribution of resonance frequencies has remained much the same
as for the initial model. However, the frequencies of the Towest order
symmetric and antisymmetric modes have been increased by 50% and 100%,
respectively, by correcting the bottom plate stiffness modeling; the
modes associated with flexure of the rear sill have been eliminated hy
upgrading the representation for the rear hull plate. About 70 hull
modes exist below 300 Hz.

Figures 5.14 (a) to (k) show isometric views of typical vehicle mode
shapes, with symmetric and antisymmetric examples included. These shapes
are, 1in general, very similar to those computed with the initial model,
but are more precise and realistic due to the greater density of nodes in
bottom, top, and lower side plates, and to the refined representation by
plate elements of the rear hull plate. For example, Figu~es 5.14 (h) and
(i) demonstrate the strong deformations occuring in the hull rear plate,
which influence the power flow from idler to top plate. Figure 5.14 (k)
shows how, even at frequencies as low as 300 Hz, the floor motion is re-
strained by the spanwise stiffeners, and subpanels tend to vibrate as
individual elements.

Comparison of measured and computed inertances for the idler attach loca-
tion on the left-side of the M113Al is presented in Figure 5.15. The
measured loss factor data. from Fiqure 4.15 is used in the calculations.
The agreement for vertical idler force is close, particularly at frequen-
cies above 100 Hz, and much improved in comparison with the calculated
results from the initial hull model. In general, the calculated
inertance exceeds the measured data by about 3 dB., The calculated
horizontal inertance 1is about 10 dB below the measured data over the
whole frequency range. The horizontal stiffness of the hull has been
overestimated even in the revised hull model with its improved hull
definition in the idler attach area. However, since the vertical
inertance 1is higher than the horizontal, and is closely predicted,
further refinement of the representation for the idler attach area is not
warranted at this stage. Further comparisons will be limited to vertical
idler forces.

The calculated responses of the hull top plate at nodes 313 and 813 for
vertical force input at the left-side idler is presented in Figure 5.16
together with the measured response near node 312. Considerable varia-
bility in response 1is predicted over the surface of the top plate; the
computed variation between the two nodes at a particular frequency is
generally about 7 dB. The measured data is quite similar to the calcu-
lated response of node 813, It is clear that space- and frequency-
averaging of - both'measured and calculated. transfer functions would make
comparisons more valid. Similar comparisons with measured data for other
hull surfaces have not been carried out on this basis but are left until
suitable space-averaging software is available to automate the reduction
of modal extraction data following the methods suqgested in Section 5.2.
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5.4.3

The effect of different idlers and their location on idl~r inertances are
__shown in Figures 5,17{a) and (b) for horizontal and vertical force in-
puts, respectively., In these, different idler representations corre-
sponding to left- and right-side idlers on both M113 and AIFV vehicles,
as summarized in Table 5.4, have heen incorporated inio the hull model.

Forces were applied to each idler in turn,

Table 5.4 EQUIVALENT BEAM PROPERTIES (5-inch idler spindle)

Idler I I, 6 Equivalent Beam
(in*) (in')  (degrees) Node Location

M113Al-Left

Side 22.52 31.6 34,84 103
M113Al-Right

Side 20,58 11.12 27,01 203
AiFv-Left Side 21.11 35.77 27.46 104
AIFV-Right Side 23.42 13.14 32.04 204

The drive positions corresponding to the M113Al1 idlers are 10 and 20 for
left and right-sides respectively, while, for AIFV idlers, they are 30
and 40, respectively. R.M.S. inertance magnitudes (in g's/1b) are shown
ir Figures 5.17(a) and (b). In Fiqure 5.17(a) the horizontal lccation
of the 1idler makes little difference to the horizontal inertance magni-
tude, but the uypper location 1is calculated to have lower horizontal
inertance; the difference being about 5 dB over the frequency range 125
to 250 Hz, These differences result from the locations of the idler
equivalent beams at their ‘correct' hull positions rather than from
differences in 1idler properties (Table 5.4). In contrast to the hori-
zontal inertance data, little significant difference in vertical inert-
ances exists between the different idler locations, as seen in Figure
5.17(b). Fiqure 5.18 shows the calculated effect of idler characteris-
tics, stiffrness, and location on the top plate transfer function at node
313 for a vertical force input. No significant changes in transfer
function are produced by varying the idler characteristics.

Frequency and Space-Averaged Calculations

The approach outlined in Section 5.2 may he used to calculate frequency-
and space-averaged hull response-to-force and interior noise-to-force
transfer functions. Several examples are now presented to demonstrate
the nature of the predicted results.

Consider first the idler inertance, 0On freguency-averaging the inertance
functions, (equation A.1la in Appendix A) and neglecting the cross-terms
(i.e. r #s) in the equation following (A.1la), we find approximations to
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the 1dler inertance in terms of the vibration mode shapes at the idler,
the modal masses and loss factors, The contributions due to nonresnnant
modes  (i.e., modes with resonance frequencies outside the analyses hand-
width ’a, both stiffness-controlled (v >&w) and mass-controlle